Indentation testing of a finite poroelastic layer is considered. Finite element modeling was used to investigate spherical contact creep tests, with emphasis on the influence of layer thickness and of finite rise time on the time-dependent deformation. Thin layers are stiffened by the substrate constraint even at very small relative indenter penetrations and reach steady state more quickly than thick layers. The degree of consolidation following loading is affected by the interaction of layer thickness and rise time and cannot be predicted from either alone. These results provide guidance for micro-and nanoindentation testings of hydrogel coatings for biomedical applications. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2957993͔
Hydrogel coatings are being developed to improve the biocompatibility of medical implants such as catheters 1 and glucose sensors. 2 However, the greatest limitation in hydrogel use is their poor mechanical performance. 3 Although techniques are available for mechanical characterization of bulk hydrogels, such as compression or confined compression utilizing a porous platen, thin coating materials can prove difficult to test. This obstacle has been overcome in thin films on substrates in microelectronics applications, using nanoindentation testing and analysis. The basic contact mechanics principles concerned with elastic indentation of a thin layer have been considered in depth 4 ,5 but would not be directly applicable to a hydrated gel material exhibiting timedependent deformation due to fluid flow. Poroelastic indentation has been considered previously for flat-punch 6 and membrane deformation 7 problems but the interactions between layer thickness and flow characteristics have not been investigated thoroughly. Previous asymptotic analysis by Athesian et al. 8 only considered the step-loading case; Barry and Holmes 9 also considered an asymptotic analysis in which emphasis was on an impermeable surface. The results by Barry and Holmes are intriguing, indicating a change in primary fluid direction between short and long time limits, but their analysis is not applicable to a time scale often utilized in experimental work.
As there is no closed-form analytical solution to this class of problems 10 finite element ͑FE͒ modeling is performed. The computational work is carried out using ABAQUS FE code. 11 An axisymmetric model is developed, in which the indenter is modeled as analytical rigid surface and the layer as linear poroelastic material ͑eight-node elements with biquadratic displacement interpolation, bilinear pore pressure interpolation, and reduced integration were adopted͒. Frictionless contact is imposed between the indenter and the layer surface. It is assumed that the liquid can diffuse freely across the entire layer surface, including the contact region. Note that assuming an impermeable contact region would not influence significantly the indenter response 12 and implies a much larger computational cost. The layer is considered to lie on a rigid and impervious substrate. The model geometry is determined by the nondimensional parameter
where L is the layer thickness and R the indenter radius. The values L * = 0.05, 0.1, 0.25, 1.0, 2.5, 5 are considered; a schematic of the model relative dimensions is reported in Fig. 1 . The modeled region is sufficiently large in radial direction for the decay in displacement and pressure fields far from the indenter be caught. The layer is assumed to be a saturated isotropic linearly elastic porous material, whose constitutive behavior is characterized in terms of shear modulus G and Poisson's ratio . Here, two extreme values = 0 and = 0.45 are considered. The liquid is incompressible and its flow through the elastic skeleton depends on the permeability according to Darcy's law. 10 Indentation tests are simulated under load control according to a ramp-hold profile 13 with a ramp time t R and a load P. 
The load magnitude is defined by the nondimensional parameter
The following values are included in simulations for each layer thickness L * : T R * = 0.1, 0.01, 0.001 and P * = 0.01, 0.05. Consistent with elastic thin film mechanics, 4 a thin poroelastic layer appears less compliant than a thick layer, and a thick layer can be approximated as a half space for large values of L * . To illustrate this effect, the ratio G ϱ * was computed
where G ϱ app is the apparent shear modulus at infinite time, computed by solving the elastic Hertzian contact expression
with respect to G for h = h ϱ . The evolution of G ϱ * as a function of L * is shown in Fig. 2 . It can be noted how the stiffening of the response is sharply increased for thin coatings, for L * Ͻ 0.25. The error in assuming a half-space condition is large for small relative indenter penetrations h / L, such that an overestimation of elastic modulus by more than a factor of 2 would occur at relative penetration depths much less than 0.1. For L * ജ 1 the layer can be considered a half space and the FE solution compares well with the analytical solution for an elastic half space. Further results of the simulations are presented in terms of a degree of consolidation H * , as proposed by Agbezuge and and co-worker, 12 ,15
where h͑t͒ is the time-dependent rigid displacement of the indenter, h 0 is the instantaneous displacement in case of step loading, and h ϱ is the ultimate value. Since the extreme values of the displacement are independent of the transient poroelastic response, they are assessed by means of purely elastic simulations, with = 0.5 for h 0 and = 0 , 0.45 for the respective values of h ϱ . Further, a nondimensional time parameter T * is defined for ramp loading as a modification of that used previously for step loading, 12,15
The present parametric study allows assessment of the interaction between layer thickness and rise time. The results for some key combinations of the L * and T R * values are summarized in Fig. 3 . The substrate has a twofold effect on the time-dependent deformation: on one hand it promotes a quicker rise in the hydrostatic pressure, therefore a higher fluid flux beneath the indenter ͑faster consolidation͒, on the other hand, given its imperviousness, the substrate constrains the diffusion process ͑slower consolidation͒. The effects of these competing mechanisms are evident in Fig. 3 : for larger rise times ͑T R * = 0.1͒ the rise in hydrostatic pressure prevails and the amount of consolidation developed during the ramp is much larger for thinner layers. For shorter rise times ͑T R * = 0.001͒ the trend is opposite and the substrate constraint to flow minimizes consolidation. In both cases, as time increases following the ramp, the first mechanism prevails and the system approaches steady state substantially faster in thinner layers. This results in the curves for T R * = 0.001 crossing over at T * Ϸ 0.15. These results, demonstrating a strong interaction of coating thickness and transient response, have major implications from an experimental point of view: if comparing coatings of different thicknesses it is critical to know how the rise time compares to the material intrinsic time response, but it is unclear that this could be known a priori. Of course, a sufficiently short load ramp is required to capture a material's transient response, although this might be beyond the capabilities of the instrument being used. For a half-space and step-loading conditions, by adopting the nondimensional parameters T * and H * it is possible to build master curves which represent the test response as a function of the test profile ͑T R * ͒ and of the material properties ͑G, , and ͒, 12, 15 Given the experimental data ͓h͑t͒ and possibly one or both h 0 and h ϱ ͔, by fitting them to the appropriate master curve it is possible to identify the elastic properties and the permeability of the material, as suggested by Oyen. 16 Such an approach can be extended to form a library of master curves for varying T R * , P * , and L * . With this library, material parameter identification can be conducted without the need for inverse FE analysis, allowing for rapid analysis of large numbers of indentation tests. Moreover, when the material behavior cannot be approximated as linear poroelastic, this first identification can represent the starting point for subsequent FE modeling which includes more complex constitutive laws.
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